We studied the biogenesis of the acrosome in sperm cells in immunogold-labeled ultrathin cryosections of rat testis, using a variety of antibodies against endosomalllysosomal marker protein and acrosin, the major secretory protein of sperm cells. As expected, acrosomes and proacrosomal vesicles in the trans-Golgi region contained abundant acrosin. Rat lysosomal membrane glycoprotein (Igp) 120 and mouse lysosome-associated membrane protein-1 were not detectable in the acrosomal membrane. Similarly, the late endosomal markers cation-dependent and -independent mannose 6-phosphate receptors were absent from the acrosome and proacrosomal vesicles. Therefore, acrosomes do not exhibit these endosomal/lysosomal features. Apart from (pro) acrosomal vesicles, both spermatocytes and spermatids con-* Correspondence to: ).
Introduction
The acrosome is a characteristic organelle of spermatids and sperm that plays an important role in fertilization. Acrosomal hydrolases enable the sperm to penetrate through the layers surrounding the oocyte (Yanagimachi, 1994) . Recently, another function of these enzymes has been postulated. Acrosin, a trypsin-like endoproteinase that is present only in the acrosome, can bind glycoproteins of the zona pellucida and is therefore involved in sperm-oocyte recognition (Jones, 1990) .
During fertilization, the outer acrosomal membrane fuses with the plasma membrane and the acrosomal content is released. This calcium-dependent process is called the acrosome reaction. This event is similar to the exocytic release of secretory granules (Yanagimachi, 1994; Zaneveld and De Jonge, 1991) . Some acrosomal enzymes are stored in the acrosome as inactive proenzymes. Therefore, in ejaculated sperm, the majority of acrosin is in the precursor form called proacrosin (Zaneveld and De Jonge, 1991) . These characteristics of acrosomal enzymes make the acrosome similar to ' Supported by a grant from DGICYT PB93-1123 (Spain). JAM-M is supported by a fellowship from the Ministerio de Educaci6n y Ciencia (Spain). zymogen granules (Eddy and OBrien, 1994; Fraser, 1994; Yanagimachi, 1994) . Moreover, acrosin shares some properties with pancreatic trypsin. However, the acrosome has been also considered a lysosome-like structure because of its acidic nature, containing several enzymes similar to those found in typical lysosomes (Yanagimachi, 1994; Zaneveld and De Jonge, 1991; Allison and Hartree, 1970) .
In this study, the biogenesis of the acrosome was investigated and compared with the biosynthetic pathway of typical lysosomes. Sorting of proteins to lysosomes has been extensively studied (for review see Von Figura, 1991; Kornfeld and Mellman, 1989) . Briefly, during passage through the Golgi complex nascent soluble lysosomal enzymes acquire mannose 6-phosphate residues which are recognized by mannose 6-phosphate receptors (MPRs). After binding of the enzymes, MPRs leave the Golgi complex via dense coated buds at the trans-Golgi reticulum ( E R ) en route to endosomes for enzyme delivery (Geuze and M o d , 1991; Geuze et al., 1989; Kornfeld and Mellman, 1989) . Two receptors have been identified: cation-dependent and cation-independent MPRs (CD-MPRs and CI-MPRs, respectively). Both receptors have been found in spermatogenic cells (Li and Jourdian, 1991; O'Brien et al., 1989) . The levels of CD-MPRs in these cells are higher than those of CI-MPRs. It has been postulated that MPRs might target the enzymes to the acrosome (O'Brien et al., 1989) . The major constituents of the lysosomal membrane belong to the family of highly sialylated integral membrane proteins. Rat lysosomal membrane glycoprotein 120 (Igp 120) and mouse lysosome-associated membrane protein-1 (LAMP-1) are two well-known examples of this kind of membrane protein (Chen et al., 1988; Lewis et al., 1985) .
We have studied immunogold labeling of ultrathin cryosections of rat testis using antibodies against different markers of late endosomes (CD-MPRs and CI-MPFb), lysosomal membrane proteins (Igp 120 and LAMP-l), lysosomal soluble protein (cathepsin D), and acrosomal content protein (acrosin). Single and double immunolabeling experiments and quantitative analysis of the labeling patterns indicate a nonlysosomal origin of the acrosome.
Materials and Methods
Tissue Preparation. Adult male Wistar rats were anesthetized by an IP injection of sodium pentobarbital (90 mglkg) and were perfused with fixative through the abdominal aorta. The testes were quickly cut out and small samples of 1 mm3 were immersed in the fixative. It is well known that testis is one of the most difficult organs to fix (for comments see Russell et al., 1990) . In our study, we assayed different fixatives to improve the quality of the morphology of rat testis cryosections: 2% glutaraldehyde (2 hr), 0.5% glutaraldehyde (2 hr), 1% acrolein + 2% paraformaldehyde (overnight), and 4% paraformaldehyde (overnight). Fixation procedures were performed at 4°C. Satisfactory results (good morphology and immunolabeling) were obtained after strong fixation with 2% glutaraldehyde. After washing in PBS, the samples of testis were infused with 2.3 M sucrose for 2 hr and frozen in liquid nitrogen. Ultrathin cryosections were picked up using a mixture of 1.8% methylcellulose and 2.3 M sucrose (1:l) according to Liou and Slot (1994) . This methodology improved the morphology of the testis cryosections. Sections were mounted on formvar-carbon-coated copper grids.
lmmunoelectron Microscopy. Localization of antigens in cryosections was performed using the corresponding antibody followed by protein A-gold. All antibodies used in our study were polyclonal antibodies obtained in rabbit. The localization of CD-MPRs was performed using an affinitypurified antibody generated against the cytosolic tail of human CD-MPR (Schulze-Garg C and Hille A, manuscript in preparation). CI-MPRs were immunolocalized using an antibody raised against a synthetic peptide representing amino acids 2048-2660 of the cytosolic tail of rat CI-MPR. which was kindly provided by G. Lienhard (Dartmouth Medical School, Hanover, NH). Characterization of antibodies against rat Igp 120 (Lewis et al., 1985) , rat cathepsin D (von Figura et al., 1984) . and pig acrosin (de Vries et al., 1985) have been previously described. Anti-mouse LAMP-1 antibodies were a gift from L. Arterburn (Johns Hopkins University, Baltimore, MD). The dilutions of the antisera used were 1:20 for CD-MPR, 1:400 for CI-MPR, 1:600 for Igp 120, 1:160 for LAMP-1, 1:60 for cathepsin D. and 1:20 for acrosin. Gold particles of 5 nm and 10 nm were prepared according to Slot and Geuze (1985) . Protein A-gold complexes were prepared as previously described (Slot et al., 1988) .
Single and double immunolabeling was performed as previously described (Slot et al., 1991 (Slot et al., ,1988 . For single immunolabeling, 10-nm protein A-gold complexes were used. Routinely, acrosin or cathepsin D was double labeled with CI-MPR, CD-MPR, or Igp 120. In these double immunolabeling experiments, the reactivity of acrosin and cathepsin D was amplified using a swine anti-rabbit IgG as an intermediate antibody before 5-nm protein A-gold particles. Before the second immunolabeling, grids were treated with 1% glutaraldehyde to prevent interference with the first antibody. Second antibody was detected using 1O-nm protein A-gold particles. After labeling, the cryosections were treated with 1% glutaraldehyde, counterstained with uranyl acetate, and embedded in methyl cellulose-uranyl acetate (Oprins et al., 1993) .
Immunogold Quantitation. Quantitative analysis of the results was performed to compare the differential distribution of lysosomal and acrosomal markers in the Golgi apparatus of different types of spermatogenic cells. All quantitations were performed in double labeling experiments with acrosin/CD-MPR, CI-MPR, and Igp 120. Staging of the rat seminiferous tubules and terminology used were according to Russell et al. (1990) . Pachytene spermatocytes at Stages I. VI, and IX and spermatids at Steps 1 and 6 were selected for our study. Testes from four rats were studied. In each animal, two to four seminiferous tubule profiles per stage were evaluated. In each profile, one to three spermatogenic cells of each type were randomly selected. For each type of spermatogenic cell and each antibody, the labeling over 20 cross-sections of Golgi apparatus showing the stacks of cisternae, TGR, and associated vesicles and tubules was quantified. Only spermatogenic cells showing the nucleus and complex sections of the Golgi apparatus were selected in our study. Density of the labeling was measured and expressed as gold particles by Golgi apparatus and gold particles by pm2 of Golgi apparatus. The surface area of Golgi apparatus was determined using the point counting method over a lattice (Griffiths, 1993) . Measuring of the surface area of the TGR was not considered because of the complexity of this organelle in the cell types studied. Total gold particles quantified are given in Table 1 . Nonspecific labeling was measured over the nucleus and was considered not significant: 1 gold particlell9.1 12.85 f 1.81
3.39 f 0.ro * The first figure indicates the mean number ( t SEM) of gold particles per Golgi apparatus and the second figure (italics) the mean number ( i SEM) of gold particles per vm2 of Golgi apparatus. These data were obtained as described in Materials and Methods. The stage of pachytene spermatocytes is indicated by Roman numerals and the step of spermatids by Arabic numerals Totals of 1346. 606, 2383, and 1315 gold particles were counted for CD-MPR, CI-MPR. Igp 120, and acrosin. respectively For each antibody, a statistically significant difference was found among spermatogenic cell types (p<O.OS).
Fm2 for anti-CD-MPR, 1 gold particle/l4.3 pm2 for anti-CI-MPR, 1 gold particle/38.1 pm2 for anti-lgp 120, and 1 gold particle/ll4.4 pm2 for antiacrosin.
The statistical comparisons of the mean values for each antibody (gold particles per Golgi apparatus and gold particles per pmZ of Golgi apparatus) between spermatogenic cell types were evaluated by analysis of variance using the statistical software parkage SYSTAT.
Results
The occurrence of specific markers of lysosomal formation was studied in the Golgi apparatus of pachytene spermatocytes and spermatids. Although the acrosome is not present in spermatocytes, it is well known that some acrosomal proteins are synthesized at this step (Escalier et al., 1991; Anakwe and Gerton, 1990; Kew et al., 1990; Hardy et al., 1988) . Therefore, the present study focused on both spermatocytes and spermatids. Pachytene spermatocytes were selected because they are the most commonly observed spermatocytes and also have a well-developed Golgi apparatus. Results obtained with anti-LAMP 1 antibodies are omitted in the following description, because they were very similar to those obtained with Igp 120 although the reactivity was lower.
Distribution of Lysosomal and Acrosomal Murhers in the l G R of Pachytene Spemnatocytes
In contrast to the Golgi apparatus of spermatids, few morphological studies have been carried out in spermatocytes. Early pachytene spermatocytes (Stages 1-111) show the classical disposition of the Golgi apparatus. However, late pachytene spermatocytes (Stages IV-XIII) have a complex, round Golgi apparatus, containing many stacks of cisternae associated with vesicles and/or tubules (Suarez-Quian et al., 1991; Thorne-Tjomsland et al., 1991) . Ultrathin cryosections showed a complex TGR formed by coated and noncoated vesicles and sections of tubules ( Figure 1) . The tubular structure of the TGR of this cell type was most clearly seen in thick cryosections ( Figure 1E ). Small vesicles and tubule profiles of the TGR in pachytene spermatocytes were labeled with antibodies against Igp 120 ( Figures 1A-lC) , CI-MPR (Figure lD) , and CD-MPR (Figure 1E) . Membranous structures and dense bodies of variable morphology in the TGR region were immunoreactive with Igp 120 antibodies (Figures 1A and IC) and cathepsin D (not shown). However, no reactivity for CI-MPR was found in dense structures ( Figure 1D) . According to the current definition, these structures can be considered lysosomes. Multivesicular bodies (MVBs) were occasionally observed. MVBs were labeled for CI-MPR ( Figure ID, inset) , Igp 120, and CD-MPR (not shown) and most likely represent late endocytic structures. These data suggest that pachytene spermatocytes have a well-developed lysosomal system. However, in contrast to lysosomal and endosomal constituents, acrosin labeling in the TGR of pachytene spermatocytes was very low (not shown).
Distribution of Lysosomal and Acrosomal Murhers in the TGR of Spermatids
The morphology and cytochemical characteristics of the Golgi apparatus of spermatids have been extensively described (Martinez-Mendrguez et al., 1993; Thorne-Tjomsland et al., 1988 ,1991 Clermont and Tang, 1985) . The round Golgi apparatus of spermatocytes becomes hemispherical in Step 1 spermatids. At this step, the TGR shows a few dense-cored vesicles (proacrosomal vesicles) and many coated vesicles of different sizes. Proacrosomal vesicles are considered the first intermediates in the formation of the acrosome. They were not immunoreactive for CI-MPR (Figure 2A) , CD-MPR, Igp 120, and cathepsin D (not shown). However, some TGR vesicles of Step 1 spermatids were reactive for CI-MPR (Figure 2A) , Igp 120 ( Figure 2B) , CD-MPR, and cathepsin D (not shown). Crosssections of the Golgi apparatus showed that the vesicles immunoreactive for the lysosomal markers were preferentially distributed in the peripheral area of this organelle (not shown). Some of the vesicles at the TGR and proacrosomal granules (the dense core of proacrosomal vesicles) were immunoreactive to anti-acrosin antibodies ( Figure 2B ). Double immunolabeling experiments using antibodies to acrosin and CD-MPR, CI-MPR, or Igp 120 showed no co-localization: acrosin-positive vesicles were different from those labeled for CD-MPR, CI-MPR, or Igp 120 ( Figure 2B ).
The proacrosomal vesicles enlarge and fuse with each other at Step 2-3 and a single acrosomal vesicle flattens out over the nucleus in the following Steps 4-7 (Russell et al., 1990) . At these steps there was no immunoreactivity for CD-MPR, CI-MPR, cathepsin D, and Igp 120 (not shown) in the Golgi apparatus and acrosomal membranes. However, some vesicles at the TGR contained acrosin, although this reactivity was weak. The reactivity for acrosin inside the acrosome was limited to the acrosomal granule (not shown).
After
Step 7, the Golgi apparatus is not involved in acrosome formation (Clermont and Tang, 1985) . Therefore, Steps 8-19 spermatids were not included in the present study.
Lysosomal Structures in Spermatogenic Cells
Spermatocytes and spermatids contain lysosomal structures (Figure 3) . The lysosomes had the same morphological and immunocytochemical characteristics as those of dense bodies found in the TGR. This suggests that they are synthesized mainly in the Golgi apparatus of pachytene spermatocytes or in Step 1 spermatids, after which they move to the cytoplasm. MVBs were also observed in the cytoplasm of germinal cells (not shown). An interesting result was that vesicles surrounding chromatoid bodies reacted to anti-Igp 120 antibodies ( Figure 3D) . The present results demonstrate the lysosomal nature of these vesicles.
Quantitative Analysis of the Distribution of Lysosomal and Acrosomal Marhers
The differences in labeling intensity of lysosomal and acrosomal markers in the Golgi apparatus at different phases of acrosome formation were further studied by quantitation of immunogold particles in double immunolabeling experiments (see Materials and Methods). The results obtained are shown in Table 1 and show the high correlation of the number of gold particles by the Golgi apparatus between CD-MPR, CI-MPR, and Igp 120. Thus, the highest values were obtained in pachytene spermatocytes from Stages VI and IX. In contrast, the acrosin did not show any relation to those lysosomal markers. The highest immunolabeling for acrosin was 
observed in
Step 1 spermatids whereas that in the other steps was low. The same was true when numbers of gold particles per area were compared. The values obtained for acrosin in spermatocytes were very low compared with those observed in spermatids. Lgp 120-positive structures were predominantly observed in middle and late pachytene spermatocytes. Sixteen percent of the Igp 120 reactivity of pachytene spermatocytes was located in lysosomes present in the Golgi area. The levels of CD-MPR were higher than those of CI-MPR. 2.5-fold in pachytene spermatocytes and 1.5-fold in spermatids.
Discussion
The present results obtained by immunoelectron microscopy using a variety of lysosomal and acrosomal markers argue against a lysosomal origin of the acrosome. Recent publications indicate that the acrosome should be considered analogous to a secretory granule (Eddy and O'Brien, 1994; Fraser, 1994) . However, the hypothesis that the acrosomal enzymes might use the same targeting machinery as typical lysosomal enzymes (e.g., MPRs) has been suggested by a number of authors (O'Brien et al., 1993 (O'Brien et al., .1989 Anakwe et al., 1991; Anakwe and Gerton, 1990; Huang and Yanagimachi. 1985) .
Lysosomes have been defined as Igp-positive, MPR-negative organelles (Geuze et al., 1989; Kornfeld and Mellman. 1989 ). In the present study, well-characterized antibodies against Igp 120 and LAMP-1, the most common lysosomal membrane proteins in rat (Lewis et al.. 1985) and mouse (Chen et al.. 1988) , respectively, were applied. These lysosomal membrane proteins were not detectable in the acrosomal membrane. However, both vesicles in the Golgi areas and dense bodies of spermatocytes and spermatids were immunoreactive for Igp 120 and LAMP-1 antibodies. Dense bodies distributed throughout the cytoplasm of spermatocytes and spermatids were immunoreactive to Igp 120 and cathepsin D, thus confirming the existence of typical lysosomes. These structures were not labeled by anti-acrosin antibodies and had a different morphology and immunocytochemical labeling pattern from those of acrosomes. These results favor a nonlysosomal origin of the acrosome. Moreover, lysosomal structures are expected to be involved in endocytosis. In vivo and in vitro studies using endocytic tracers have shown that the acrosome is not linked to the endocytic pathway (Segretain. 1989).
To study a possible endosomal origin of (pro) acrosomes, simultaneous immunolabeling for MPRs and acrosin was carried out. The experiments demonstrated that the MPRs do not co-localize with acrosin. In addition, no co-localization of acrosin and Igp 120 was detected at any step of acrosome formation. Further support was obtained from quantitative analysis. A high correlation of the number of gold particles by the Golgi apparatus and surface area of the Golgi apparatus among CD-MPR. CI-MPR. and Igp 120 was evident. In contrast, no correlation was found between these lysosomal markers and acrosin. Thus, the highest values for the lysosomal .markers were found in spermatocytes, whereas those for acrosin were detected in Step 1 spermatids.
The present study indicates a different occurrence of lysosomal and acrosomal constituents in different stages of sperm differentiation. Small E R vesicles and tubules in pachytene spermatocytes were intensely labeled by CD-MPR, CI-MPR, and Igp 120 antibod- ies. However, the reactivity of these proteins in spermatids was very weak. The opposite situation was found for acrosin, which was detected mainly in spermatids. These data suggest that pachytene spermatocytes are mainly involved in the synthesis of lysosomal constituents, whereas spermatids are specialized for synthesis of the acrosomal contents.
An interesting finding was the detection of Igp 120 in the vesicles surrounding the chromatoid body. The function and origin of this organelle is unknown (Esponda, 1785) . However, some of the vesicles associated with this structure are acid phosphatasepositive (Thorne-Tjomsland et al., 1988) although they are not involved in endocytosis (Segretain, 1989) . The present results demonstrate the lysosomal nature of these vesicles. The chromatoid body is located close to the Golgi apparatus in Step 1 spermatids. The reactivity to lysosomal markers observed in the E R of this cell type may indicate the synthesis of these vesicles.
The present study supplies evidence for a nonlysosomal origin of the acrosome. However, many questions concerning the biogenesis of the acrosomes remain to be investigated. Clathrin-coated vesicles appear to be involved in the traffic to the acrosome (Martinez-Menirguez et al., 1993; Griffiths et al., 1981) . However, double immunolabeling experiments demonstrating the colocalization of clathrin and any acrosomal marker have not been performed. Several acrosomal proteins are synthesized in pachytene spermatocytes: guinea pig acrogranin (Anakwe and Gerton, 1990) , guinea pig sperm autoantigen (Hardy et al., 1988) , proenkephalin products in human, hamster, rat, and sheep (Kew et al., 1990) , and human acrosin (Escalier et al., 1991) . It is not established how these proteins are targeted to the acrosome, which is present only in spermatids but not in spermatocytes. Vesicles resembling proacrosomal vesicles have been described in spermatocytes in some species (see references in Anakwe and Gerton, 1990, and Peterson et al., 1992) . We have also found these structures in rat (see Figure IC) . However, these vesicles are Igp 120-immunoreactive in contrast with the authentic proacrosomal vesicles observed in spermatids. Moreover, identical structures are detected in the cytoplasm (see Figure 3A ), suggesting that these structures are lysosomal.
Acrosomes share characteristics with pancreatic zymogen granules. Proacrosomal vesicles show morphological similarities with condensing vacuoles. Proteins targeted to the acrosome are expected to use the regulated secretory pathway. Recent experiments point to this idea. It has been shown that spermatids of transgenic mouse expressing the human growth hormone, a regulated secretory protein, transport to and store this protein in acrosomes (Braun et al., 1989) . As opposed to lysosomes, the molecular machinery of targeting of proteins to secretory granules has not been thoroughly investigated. Further experiments are needed to define the biogenesis of the acrosome.
